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Trade-off between degree of joint measurability, sharpness and biasedness was known in the case
of pairs of qubit observables. In the present work we generalised sharpness and biasedness measure
for multilevel systems. Then a trade-off between amount of quantum mechanical (QM) violation of
macrorealism (MR), sharpness and biasedness is established. Specifically we found minimum value
of the sharpness parameter, above which QM violations of different necessary conditions of MR
persist, decreases with increase of biasedness. We also analysed the effect of biasedness parameter
on magnitudes of QM violations of different necessary conditions of MR for multilevel spin systems.
I. INTRODUCTION
Description of nature in quantum physics is signifi-
cantly different from that in classical physics. There are
several no-go results revealing the departure of quantum
theory from classical theory, which arise from statistics
obtained by performing measurements on any system.
Historically first no-go theorem is due to John Bell
[1] in response to Einstein-Podolsky-Rosen paradox [2]
which states that local-realist theory cannot explain all
the correlations obtained from local measurements on
spatially separated entangled systems. Second no-go
theorem, due to Kochen and Specker [3], states that
there is no non-contextual hidden variable theory for a
class of temporal correlation obtained from sequential
commutative measurements on a single quantum system.
The latest no-go theorem in this direction is due to
Leggett and Garg in the form of an inequality, namely
the Leggett-Garg inequality (LGI), which is a testable
algebraic consequence of the notion of macrorealism
(MR) [4, 5].
It is to be noted here that all these no-go theorems are
demonstrated through doing measurements on quantum
systems. Measurements in quantum theory is another
area where classical notion of measurement breaks down.
In [6] von Neumann radically revised the theory of
measurement in quantum mechanics. In this formulation
quantum measurement is described by projective valued
measure (PVM). Later this ideal notion of measurement
i. e., PVM is extended to incorporate realistic aspects
of measurements, known as positive operator valued
measure (POVM). The general description of quantum
observables as POVMs gives rise to many operational
possibilities not available within the set of standard
observables (represented as PVM).
The impossibility of measuring jointly certain pairs
of observables is an intriguing non-classical feature
of quantum theory and another fundamental no-go
theorem in the context of quantum measurement. It
follows that for two non-commuting observables to be
jointly measurable, it is necessary that both of them are
unsharp. Hence, there exists a trade-off between the
degrees of non-commutativity and sharpness within the
set of jointly measurable pairs of observables [7–9]. Later
the joint measurability of pairs of qubit observables is
analysed to study a trade-off between the degrees of joint
measurability, sharpness and another quantity called
biasedness [10–12]. A two outcome experiment would be
regarded as biased if one of the outcomes turned out to
be preferred, whatever the preparation.
It was known that unsharpness of measurement
reduces the possibility of observing quantum features.
In a recent work [13] trade-off between sharpness and
biasedness has been explored by showing how biasedness
of a measurement counters the effect of unsharpness in
demonstrating violation of local realism and MR as well
for relevant systems with minimal dimension .
The task of extending measures of sharpness and bi-
asedness to arbitrary Hilbert spaces is not entirely trivial
due to ambiguity and the fact that the 2-dimensional
case is too simple to reveal relevant features. In this
work we generalise the notion sharpness and biasedness
measure for multilevel systems and investigate a trade-off
between sharpness and biasedness for such systems in
the context of the quantum mechanical (QM) violation
of MR.
Apart from LGI, another two necessary conditions for
testing MR, namely, Wigner’s form of the Leggett-Garg
inequality (WLGI) [14] and condition of no signalling in
time (NSIT) [15] have been proposed.
In the context of MR, POVMs has been introduced
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2in the earlier works in association with emergence of
classicality [14, 16–18]. In all these works it has been
shown that magnitudes of QM violations of all the three
necessary conditions of MR decrease with decreasing
precision of measurements [16] or decreasing values of
sharpness parameter, i.e., increasing unsharpness of the
measurement [14, 17, 18]. For probing violation of MR
it is desired to consider systems with large quantum
number like spin, large mass or large number of particles.
In this work we explore the aforementioned trade-off
for arbitrary spin system and find that for a fixed
sharpness parameter the QM violation of MR increases
with increasing biasedness of the measurements.
In the following Section, we explain in a nutshell the
various necesesary conditions proposed for testing MR. In
Section III, the notion of POVM and the generalisation
of biased unsharp measurement for multi-outcome spin
measurement have been discussed. In Section IV, the
relevant features of the system and measurement scheme
is discussed. In Section V, the key results obtained using
LGI, WLGI and NSIT are discussed. Finally we conclude
in Section VI mentioning directions for future studies.
II. VARIOUS NECESSARY CONDITIONS OF MR
The concept of MR is codified by the following
two assumptions: Macroscopic realism per se: At any
instant, a macroscopic system is in any one of the
available definite states, regardless of any measurement,
such that all its observable properties have definite
values. Noninvasive measurability (NIM): It is possible,
in principle, to determine which of the states the system
is in, without influencing the state itself or the system’s
evolution.
QM violation of LGI gives a signature about the inva-
lidity of the notion of MR, that implies the negation of
the concept realism or NIM or both in the underlying
hidden variable theory reproducing all QM predictions.
Leggett-Garg inequality (LGI): It is derived as a
testable algebraic consequence of the deterministic form
of MR. Let us consider temporal evolution for a two state
system where the available states are, say, 1 and 2. Let
Q(t) be an observable quantity such that, whenever mea-
sured, it is found to take a value +1(−1) depending on
whether the system is in 1(2). Next, consider a collec-
tion of sets of experimental runs, each set of runs starting
from the identical initial state such that on the first set
of runs Q is measured at times t1 and t2, on the second
at t2 and t3 and on the third at t1 and t3 (t1 < t2 < t3).
Using the deterministic consequence of the assumptions
of realism and NIM, one obtains
KLGI = C12 + C23 − C13 ≤ 1 (1)
where Cij = 〈QiQj〉 is the two time correlation function
of the variable Q measured at times ti and tj . Left hand
side of the inequality (1) is an experimentally measurable
quantity. This is the LGI imposing non-invasive realist
constraint on the temporal correlations pertaining to any
two level system. The magnitude of the QM violation of
LGI is quantified by the positive value of (KLGI − 1).
Wigner’s form of the LGI (WLGI): In [14], WLGI
is derived as a testable algebraic consequence of the prob-
abilistic form of MR. Here the notion of realism implies
the existence of overall joint probabilities ρ(Q1, Q2, Q3)
pertaining to different combinations of definite values of
observables or outcomes for the relevant measurements,
while the assumption of NIM implies that the probabil-
ities of such outcomes would be unaffected by measure-
ments. Hence, by appropriate marginalization, the ob-
servable probabilities can be obtained. For example, the
observable joint probability P (Q2+, Q3−) of obtaining
the outcomes +1 and −1 for the sequential measurements
of Q at the instants t2 and t3, respectively, can be written
as
P (Q2+, Q3−) =
∑
Q1=±1
ρ(Q1,+,−)
= ρ(+,+,−) + ρ(−,+,−) (2)
Writing similar expressions for the other measur-
able marginal joint probabilities P (Q1−, Q3−) and
P (Q1+, Q2+), we get
P (Q1+, Q2+) + P (Q1−, Q3−)− P (Q2+, Q3−)
= ρ(+,+,+) + ρ(−,−,−) (3)
Then invoking non-negativity of the overall joint prob-
abilities occurring on the right hand side of the above
equation, the following form of WLGI is obtained in
terms of three pairs of two-time joint probabilities.
KWLGI = P (Q2+, Q3+)−P (Q1−, Q2+)−P (Q1+, Q3+) ≤ 0
(4)
Similarly, other forms of WLGI involving any number
of pairs of two-time joint probabilities can be derived
by using various combinations of the observable joint
probabilities. The magnitude of the QM violation of
WLGI is quantified by the positive value of (KWLGI).
The condition of no signalling in time (NSIT):
The measurement outcome statistics for any observable
at any instant is independent of whether any prior mea-
surement has been performed [15]. Let us consider a
3system whose time evolution occurs between two pos-
sible states. Probability of obtaining the outcome +1
for the measurement of a dichotomic observable Q at an
instant, say, t3 without any earlier measurement being
performed, is denoted by P (Q3 = +1). NSIT requires
that P (Q3 = +1) should remain unchanged even when
an earlier measurement is made at t2. Mathematically
NSIT can be expressed as an equation.
KNSIT = P (Q3 = −1)− [P (Q2 = +1, Q3 = −1)
+ P (Q2 = −1, Q3 = −1)] = 0 (5)
The magnitude of the QM violation of NSIT is quantified
by the nonzero value of KNSIT .
III. MODELLING BIASED UNSHARP POVM IN
CASE OF MULTIPLE OUTCOME SPIN
MEASUREMENTS
In projector valued measurement (PVM) the ob-
servables are self-adjoint operators with projectors as
spectra, i.e., A ≡ {∑Pi = I, P 2i = Pi} (where Pis are
projectors). The probability of getting the i-th outcome
is Tr[ρPi] for the state ρ. Extending to positive operator
valued measures (POVM), observables are self-adjoint
operators but with spectra as positive operators within
the interval [0, I] like E ≡ {∑Ei = I, 0 < Ei ≤ I} and
probability of getting i-th outcome is Tr[ρEi].
It was shown [10–12] in case of dichotomic measure-
ments, the most general POVM is characterized by two
parameters- sharpness parameter (λ) and biasedness pa-
rameter (γ) and the corresponding effect operators are
given by
E± = λP± +
1± γ − λ
2
I (6)
where P± are sharp projectors. For E± to be valid effect
operator, the positivity (E± ≥ 0) and normalisation
(E+ + E− = I) conditions have to be satisfied. From
these conditions we get |γ|+ |λ| ≤ 1.
Now consider sharp spin-z component (Jz) measure-
ment on a multilevel (2j + 1 dimension) spin system,
where the possible outcomes are the eigenvalues of Jz
operator and are denoted by m (the possible values of m
are −j, −j+ 1, −j+ 2, ..., j− 1, j). The projectors onto
the state which is a eigenstate of the sharp Jz observable
with eigenvalue m is denoted by Pm. Here we generalize
the effect operators corresponding to the biased unsharp
POVM in the following way
Fm = λPm +
1 +mγ − λ
2j + 1
I (7)
Now we have to check the conditions of positivity and
normalization for these effect operators to form valid
POVM.
Completeness: This condition is satisfied as all the
effects sum to identity.
j∑
m=−j
Fm =
∑
m
(λPm +
1 +mγ − λ
2j + 1
I) = I. (8)
Positivity: From the requirement of positivity of ef-
fects we get
1 + 2jλ+mγ ≥ 0 (9)
and
1 +mγ − λ ≥ 0 (10)
These two inequalities imply that
− 1 +mγ
2j
≤ λ ≤ 1 +mγ (11)
Here lower and upper bounds are ‘m’ dependent. To get
‘m’ independent lower and upper bounds we can take
−1− jγ
2j
≤ λ ≤ 1− jγ. (12)
As negative value of the sharpness parameter (λ) has
no physical significance, We can consider the permissible
range of λ as
0 ≤ λ ≤ 1− jγ (13)
from the above mentioned range of λ, we get a bound for
γ also. This is given by,
0 ≤ γ ≤ 1
j
(14)
Hence, for multilevel systems we obtained the form of
effect operators and the permissible ranges for λ and γ
are given by inequalities (13) and (14) respectively.
Given the above specification of the effect operators,
the probability of an outcome, say m, is given by
Tr(ρFm) for which the post-measurement state is given
by Lu¨der transformation rule, (
√
Fmρ
√
Fm
†
)/Tr(ρFm),
ρ being the state of the system on which measurement
is done.
Here it should be noted that while for qubits “biased
unsharp measurement” [10–12] is the most general kind
of two outcome POVM, for multilevel systems these two
parameters do not constitute the most general unique
form of POVM but a reasonable one.
4IV. SETTING UP THE MEASUREMENT
SCENARIO
Now we describe briefly the projective measurement
scheme introduced in [19], which is treated with sharp-
ness and biasedness parameter in our calculations. Con-
sider a system of spin j in an external uniform magnetic
field of magnitude B0 along the x direction. The relevant
Hamiltonian is (~ = 1) given by
H = ΩJx (15)
where Ω is the angular precession frequency (∝ B0) and
Jx is the x component of spin angular momentum.
Consider measurements of the z-component of spin.
We define the observable Q in such a way that Q = −1
when m = −j and for any other values of m ranging
from −j + 1 to +j, Q = +1, where m is the output of
z-component of spin measurement.
We initialize the system so that at t=0, the system is
in the state | − j; j〉; where |m; j〉 denotes the Eigenstate
of the Jz operator with Eigenvalue m. We consider
measurements of Q at three successive times t1, t2 and t3
(t1 < t2 < t3) & set the measurement times as Ωt1 = Π
and Ω(t2 − t1) = Ω(t3 − t2) = Π2 .
The aforementioned grouping scheme (call it one ver-
sus remaining) is chosen as it leads to maximal possible
violation of all the necessary conditions of MR [18]. We
have not considered arbitrary grouping scheme (general
case) as it reduces the magnitudes of the QM violations
of different necessary conditions of MR [18]. As our aim
is to obtain optimal trade-off between unshapness and
biasedness in the context of MR, it happens with the
one versus remaining measurement scheme. In the fol-
lowing we use unsharp-biased version of this projective
measurement scheme.
V. ANALYSIS WITH LGI, WLGI AND NSIT
In order to calculate the expectation values and joint
probabilities appearing in the aforementioned forms of
LGI, WLGI and NSIT, we proceed by writing the rele-
vant time evolution operators as, for example, the time
evolution operator from the initial time t = 0 to the in-
stant of first measurement t = t1, U(t1 − 0) = e−ipiJx =
R2 (where R = e−i
pi
2 Jx), and all the subsequent mea-
surements are equispaced in time. Using the Wigner’s D
matrix formalism the expression of a typical joint prob-
ability distribution is obtained of the form given by,
P (Q1+, Q2−) =
j∑
k=−j+1
Tr[F−jU∆t2
√
FkU∆t1ρiU
†
∆t1
√
Fk
†
U†∆t2 ]
= − (−2 + 2λ− γ)j(1− λ− jγ)
(1 + 2j)2
+
2( − 2j)(−1 + 2(2j))λ(1− λ− jγ)
(1 + 2j)
(16)
Using such expressions for the joint probabilities, we
get the expression of KLGI as
KLGI =
1
(1 + 2j)2
16−j(2λ2(−1+21+4j−4j+21+2j(−1+4j)j+
4j2)+16j(1+4j2+2γ2j2+2γj(−1+2j))+2λ((−1+4j)(−2−4j
+2
√
1 + 2λj − γj
1 + 2j
√
−−1 + λ+ γj
1 + 2j
+2j2(21+4j−41+j−2γ
− 4jγ + 16jγ− 4
√
1 + 2λj − γj
1 + 2j
√
−−1 + λ+ γj
1 + 2j
+ 41+j
√
1 + 2λj − γj
1 + 2j
√
−−1 + λ+ γj
1 + 2j
+j((−2−4j+3(16j))γ+
2(2+21+4j−3(4j)−4
√
1 + 2λj − γj
1 + 2j
√
−−1 + λ+ γj
1 + 2j
+41+j−
4
√
1 + 2λj − γj
1 + 2j
√
−−1 + λ+ γj
1 + 2j
))))−2(−λ(−2 + 2λ− γ)j
2j + 1
− (−2 + 2λ− γ)j(1− λ− γj)
(1 + 2j)2
+
+j∑
k=−j+1
2−4jλ((2j)!)2
((j − k)!)2((j + k)!)2
(−
√
1− λ+ γk√
1 + 2j
+
√
1 + 2λj + γk√
1 + 2j
)2+
21−2j(1− λ− γj)√1− λ+ γk(2j)!
(j − k)!(j + k)!(1 + 2j)3/2 (−
√
1− λ+ γk√
1 + 2j
+
√
1 + 2λj + γk√
1 + 2j
) +
21−2j(λ)
√
1− λ+ γk(2j)!
(j − k)!(j + k)!√1 + 2j
(−
√
1− λ+ γk√
1 + 2j
+
√
1 + 2λj + γk√
1 + 2j
)+
2−2j(1− λ− γj)(2j)!
(j − k)!(j + k)!(1 + 2j)
(−
√
1− λ+ γk√
1 + 2j
+
√
1 + 2λj + γk√
1 + 2j
)2) (17)
5Threshold Sharpness for
j γ LGI WLGI NSIT
(λLGIth ) (λ
WLGI
th ) (λ
NSIT
th )
0 0.29 0.23 0
15 0.030 0.22 0.16 0
0.050 0.14 0.12 0
0 0.26 0.20 0
20 0.025 0.18 0.14 0
0.040 0.10 0.09 0
0 0.23 0.18 0
25 0.020 0.16 0.13 0
0.030 0.11 0.09 0
TABLE I: For a fixed j, λLGIth and λ
WLGI
th decreases with
increasing values of γ; on the other hand λNSITth is zero for all
values of γ for any j.
Similarly using the expressions of the joint probabilities
one can obtain the expression of KWLGI and KNSIT also.
The minimum value of the sharpness parameter λ
for which the QM violations of LGI, WLGI or NSIT
just begin to disappears for a given biasedness γ of
the measurement in a given spin ‘j’ system is called
the threshold sharpness λth for that value of γ and ‘j’
pertaining to the measurement.
The range of the sharpness parameter λ for which
the QM violation of LGI persists in a spin ‘j’ system
for a given biasedness γ of the measurement is given
by (λLGIth , 1 − jγ], and that of WLGI and NSIT are
(λWLGIth , 1− jγ] and (λNSITth , 1− jγ] respectively.
Trade-off between biasedness and unsharpness
wrt violation of LGI, WLGI, NSIT :
It is observed that if one introduces the biasedness
parameter in an unsharp measurement, then the QM
violation of LGI or WLGI persist for a larger amount
of unsharpness of the measurement in comparison with
unbiased case (i. e., γ = 0). The minimum value of the
sharpness parameter λ above which the QM violations
of LGI, WLGI persist, decreases with increasing values
of the biasedness parameter. This result reflects the
trade-off between biasedness and unsharpness of a
measurement. On the other hand, introduction of
biasedness parameter in the case of violation of NSIT
is not interesting as far as λNSITth is concerned, as
it was already minimum (λNSITth = 0) for unbiased
measurement. These results are shown in table (I).
We have also evaluated the λLGIth , λ
WLGI
th and λ
NSIT
th
for a given j at γ = mid value in the allowed range of γ:
0 ≤ γ ≤ 1/j, i.e., at γ = γmid = 12j . In this case we find
Threshold Sharpness for
j LGI (λLGIth ) WLGI (λ
WLGI
th ) NSIT (λ
NSIT
th )
at γ = 1
2j
at γ = 1
2j
at γ = 1
2j
15 0.21 0.16 0
20 0.18 0.14 0
25 0.16 0.13 0
TABLE II: For a fixed value of γ, λLGIth and λ
WLGI
th decreases
with increasing values of spin; on the other hand, for a fixed
γ, λNSITth remains the same with increasing values of the spin.
that for a fixed amount of biasedness incorporated in a
measurement (e.g. for γ = 12j ), the minimum amount
of sharpness parameter necessary for demonstrating
violation of LGI or WLGI decreases. This implies the
maximum amount of unsharpness of a measurement
(reflecting imprecision of measurement), below which
the QM violation of LGI or WLGI persists, increases
with the spin value of the system. Again λNSITth is zero
for any values of ‘j’ and γ. This is consistent with our
earlies results [18]. These results are shown in table (II).
For a given spin ‘j’ system and for a fixed value of
the sharpness parameter λ, QM violations of all the
necessary conditions of MR increase with increasing
biasedness introduced in the measurement (i.e. with
increasing values of γ). In contrast with unsharpness
of measurement it is clear from the results that biased-
ness has a role of facilitating observation of quantum
features. Or in other words biasedness counters the
effect of unsharpness of measurement in demonstrating
violation of MR. Hence, the aforementioned trade-off
follows. This is illustrated in Table (III) and in figures
(1), (2) and (3). In Fig. (3) increase of violation of
NSIT condition with γ is not very clear, as the slope is
very small which can be found from Tab. (III).
Asymptotic behaviour : In the asymptotic limit of
spin all the necessary conditions of MR yields violation
upto algebraic maxima of the corresponding inequalities
[18]. Consequently λths for LGI, WLGI and NSIT are all
zero. Hence, introduction of biasedness in this limiting
case does not affect the results. On the other hand in
the asymptotic limit of spin, only permissible value of
the biasedness parameter γ is 0 as can be seen from Eq.
14. It implies that in the limit j → ∞, biased unsharp
measurement becomes unbiased one.
6Magnitude of the QM violation
j λ γ of LGI of WLGI of NSIT
0 0.2504 0.1410 0.1569
15 0.5 0.017 0.2821 0.1490 0.1570
0.033 0.3139 0.1571 0.1572
0 0.2855 0.1548 0.1668
20 0.5 0.012 0.3096 0.1608 0.1669
0.025 0.3342 0.1671 0.1671
0 0.3092 0.1643 0.1740
25 0.5 0.010 0.3268 0.1692 0.1741
0.020 0.3484 0.1742 0.1742
TABLE III: For a given spin ‘j’ and fixed value of sharpness
parameter λ, QM violations of all necessary conditions of MR
increase with increasing values of biasedness parameter γ.
FIG. 1: Green, red and blue line represents QM violation of LGI
versus γ for j = 25, j = 20 and j = 15 respectively. In all these
cases λ = 0.5. Black line represents KLGI = 1.
FIG. 2: Green, red and blue line represents QM violation of WLGI
versus γ for j = 25, j = 20 and j = 15 respectively. In all these
cases λ = 0.5. Black line represents KWLGI = 0.
VI. CONCLUSIONS
Joint measurability of pairs of qubit observables was
analysed to study a trade-off between the degrees of joint
measurability, sharpness and another quantity called
biasedness [10, 12]. Sharpness parameter quantifies the
precision of a measurement and biasedness arises when
one of the measurement outcomes is favoured over the
other whatever be the preparation. The most general
dichotomic POVM for two level system is characterized
FIG. 3: Green, red and blue line represents QM violation of NSIT
versus γ for j = 25, j = 20 and j = 15 respectively. In all these
cases λ = 0.5. Black line represents KNSIT = 0.
by these two parameters.
In this work we attempted to generalise unsharpness and
biasedness measure for higher dimensional system con-
sidering two outcome measurements. Then we studied
a trade-off between the amount of quantum mechanical
(QM) violation of MR and unsharpness and biasedness
of the relevant measurements. Here QM violation of MR
is probed through three necessary conditions of MR,
namely, LGI, WLGI and NSIT.
It was known that QM violation of all these conditions
decreases with unsharpness of measurement [14, 16, 18]
. In contrast with those results here we shown that
minimum value of the sharpness parameter (λth) above
which the QM violations of LGI and WLGI persist
decreases with increasing value of biasedness parameter
for any value of spin of the system under consideration.
For any value of λ(> λth) QM violation of all the nec-
essary conditions increases with biasedness parameter γ
irrespective of value of spin.
VII. ACKNOWLEDGEMENTS
The authors acknowledge fruitful discussion with Prof.
Dipankar Home. SM acknowledges discussion with Prof.
Paul Busch during his visit at S. N. Bose center in
2015 and his comments through private communication.
DD acknowledges the financial support from University
Grants Commission (UGC), Government of India.
∗ Electronic address: debarshidas@jcbose.ac.in
† Electronic address: arindam.gayen23@gmail.com
‡ Electronic address: ranitdas2@gmail.com
§ Electronic address: shiladitya.27@gmail.com
[1] J. S. Bell, Physics 1, 195 (1964).
[2] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. bf
47, 777 (1935).
[3] S. Kochen and E. P. Specker, J. Math. Mech., 17, 59
(1967).
7[4] A. J. Leggett, and A. Garg, Phys. Rev. Lett. 54, 857
(1985).
[5] A. J. Leggett, J. Phys. Condens. Matter 14, R415 (2002);
Rep. Prog. Phys. 71, 022001 (2008).
[6] von Neumann J., Mathematical Foundations of Quantum
Mechanics. Princeton University Press, (1955).
[7] P. Busch, Phys. Rev. D 33 2253 (1986).
[8] P. Busch, M. Grabowski, and P. J. Lathi, Operational
Quantum Physics (Springer-Verlag, Berlin, 1997).
[9] P. Busch, and G. Jaeger, Found. 40 1341 (2010).
[10] P. Stano, D. Reitzner, T. Heinosaari, Phys. Rev. A 78,
012315 (2008)
[11] P. Busch, Found. Phys. 39, 712 (2009).
[12] S. Yu, N. L. Liu, L. Li, and C. H. Oh, Phys. Rev. A 81,
062116 (2010).
[13] To be appeared.
[14] D. Saha, S. Mal, P. K. Panigrahi, and D. Home, Phys.
Rev. A 91, 032117 (2015).
[15] J. Kofler, and C. Brukner, Phys. Rev. A 87, 052115
(2013).
[16] J. Kofler, and C. Brukner, Phys. Rev. Lett., 101, 090403
(2008).
[17] S. Mal and A.S. Majumder, Phys. Lett. A 380,
2265(2016).
[18] S. Mal, D. Das, D. Home , Phys. Rev. A 94, 062117
(2016).
[19] C. Budroni, and C. Emary, Phys. Rev. Lett. 113, 050401
(2014).
